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ABSTRACT
The dust properties in high-redshift galaxies provide clues to the origin of dust in
the Universe. Although dust has been detected in galaxies at redshift z > 7, it is
difficult to constrain the dominant dust sources only from the total dust amount.
Thus, we calculate the evolution of grain size distribution, expecting that different dust
sources predict different grain size distributions. Using the star formation time-scale
and the total baryonic mass constrained by the data in the literature, we calculate the
evolution of grain size distribution. To explain the total dust masses in ALMA-detected
z > 7 galaxies, the following two solutions are possible: (i) high dust condensation
efficiency in stellar ejecta, and (ii) efficient accretion (dust growth by accreting the
gas-phase metals in the interstellar medium). We find that these two scenarios predict
significantly different grain size distributions: in (i), the dust is dominated by large
grains (a & 0.1 µm, where a is the grain radius), while in (ii), the small-grain (a .
0.01 µm) abundance is significantly enhanced by accretion. Accordingly, extinction
curves are expected to be much steeper in (ii) than in (i). Thus, we conclude that
extinction curves provide a viable way to distinguish the dominant dust sources in the
early phase of galaxy evolution.
Key words: dust, extinction — galaxies: evolution — galaxies: high-redshift —
galaxies: ISM — galaxies: star formation —submillimetre: galaxies
1 INTRODUCTION
Galaxy formation is a fundamental problem in the cosmic
structure formation and is still a mystery. Although it is dif-
ficult to directly observe the first galaxies in the Universe,
recent advanced telescopes have enabled us to explore high
redshifts. In particular, the metals produced by the first gen-
eration of stars provide useful tracers for detecting galaxies
through metal emission lines. Recent success in identifying
galaxies at z ∼ 9 (z is the redshift) using the [O iii] 88 µm
line by the Atacama Large Millimetre/submillimetre Array
(ALMA) (Hashimoto et al. 2018) is a good example for the
current exploration of the redshift frontier.
The solid phase of metals – dust – has some impor-
tant influences on galaxy evolution. Dust absorbs the stellar
light and reemits it in the far-infrared (FIR). Therefore, the
spectral energy distributions (SEDs) of galaxies are largely
affected by dust (e.g. Takeuchi et al. 2005; Aoyama et al.
2019). Moreover, the surface of dust is the main site of the
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formation of some molecular species, creating a molecular-
rich environment which is favorable for star formation (e.g.
Cazaux & Tielens 2004; Chen et al. 2018). Dust also affects
the temperature of a star-forming gas through dust cooling,
which induces the fragmentation in the final stage of star
formation (e.g. Omukai et al. 2005; Schneider et al. 2006).
All the above processes are influenced not only by the total
dust amount but also by the total dust surface area, which is
determined by the grain size distribution. In this context, it
is necessary to clarify the evolution of the grain size distribu-
tion as well as that of the total dust abundance in galaxies.
The current redshift frontier of dust observations
is around z ∼ 7–8 and is achieved by ALMA (e.g.
Dayal & Ferrara 2018). The ALMA submillimetre and mil-
limetre bands are powerful in detecting dust emission from
‘normal’ galaxy populations represented by Lyman break
galaxies (LBGs) at z > 7 (Watson et al. 2015; Laporte et al.
2017; Hashimoto et al. 2019; Tamura et al. 2019). We refer
to galaxies whose dust emission is detected by ALMA as
ALMA-detected galaxies in this paper. Dust continuum to-
gether with the [O iii] 88 µm and [C ii] 158 µm lines has be-
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come a powerful tracer for the physical conditions of galaxies
found in the redshift frontier. This in turn emphasizes the
importance of understanding dust itself.
To give a quantitative understanding to the dust at high
redshift, it is necessary to clarify the major source of dust.
In the early stage of galaxy evolution, stellar sources control
the total dust abundance (e.g. Valiante et al. 2009). Dust
mass grows also through the accretion of gas-phase met-
als. This process is efficient in the dense ISM. Mancini et al.
(2015) showed that the dust mass in a LBG at z = 7.5
detected by ALMA (Watson et al. 2015) can be explained
only if dust growth by accretion is very efficient. Wang et al.
(2017) supported this conclusion, but they also found that
high dust condensation efficiency combined with weak super-
nova (SN) dust destruction could also explain the rich dust
content in the ALMA-detected high-redshift galaxies. If we
only see the total dust amount, however, it is difficult to dis-
tinguish between the above two mechanisms of dust produc-
tion, namely, efficient dust condensation in stellar ejecta and
quick dust growth by accretion (Les´niewska & Micha lowski
2019).
The grain size distribution is another important as-
pect that characterizes the dust evolution in the ISM.
Asano et al. (2013b) showed that various processes driving
the dust evolution put different imprint in the grain size dis-
tribution. In particular, the dust abundance is dominated by
large grains when the stellar dust production is the major
dust source, since dust grains ejected from stars are consid-
ered to be biased to large (a & 0.1 µm, where a is the grain
radius) grains (e.g. Nozawa et al. 2007; Yasuda & Kozasa
2012; Dell’Agli et al. 2017). Observations of the optical
properties of dust formed in stellar environments (mainly
in stellar winds) also show that dust condensed in the ejecta
is dominated by large (sub-micron) grains (Groenewegen
1997; Winters et al. 1997; Scicluna et al. 2015). Dust growth
by accretion starts to dominate the total dust abundance
when the ISM is enriched with metals (typically Z > 0.1
Z⊙ , where Z is the metallicity), and it drastically increases
the small (a . 0.01 µm) grain abundance. Since the change
of grain size distribution could be observable through ex-
tinction curves (e.g. Hou et al. 2016), it is worth investigat-
ing the possibility of distinguishing the dominant dust pro-
duction mechanisms through the grain size distribution. In
this paper, we aim at calculating the grain size distributions
and extinction curves expected for ALMA-detected galaxies
at z > 7 to examine whether or not the different dust en-
richment mechanisms could be distinguished through those
quantities.
This paper is organized as follows. We present our mod-
els for galaxy and dust evolution in Section 2. In Section 3,
we explain the observational data we use. We show the re-
sults on the total dust mass and the grain size distribution
in Section 4. We also present our predictions for extinction
curves. We discuss our results in Section 5 and conclude
in Section 6. For the cosmological parameters, we adopt
H0 = 70 km s
−1 Mpc−1 , ΩM = 0.3 and ΩΛ = 0.7.
2 MODEL
We use the model developed by HA19 for the evolution
of grain size distribution in a galaxy. For this model, we
also need a galaxy evolution framework – chemical evolu-
tion model – to calculate the enrichment of metals, which is
tightly related to dust evolution (Lisenfeld & Ferrara 1998;
Dwek 1998). In what follows, we explain the galaxy evolution
model, followed by a review of HA19’s dust evolution model.
We model the galaxy as a one-zone object for simplicity.
2.1 Galaxy evolution model
We adopt a simple chemical evolution model adopted by
Wang et al. (2017). We assume that the galaxy is a closed
box starting from the total baryonic mass of Mg,0. We also
apply the instantaneous recycling approximation to sim-
plify the calculation; however, as shown by Hirashita & Kuo
(2011), the metallicity evolution is not significantly altered
by this simplification as long as the galaxy age is much older
than 107 yr. The gas mass, Mg, evolves as the star formation
proceeds as
dMg
dt
= −(1 − R)ψ, (1)
where ψ is the star formation rate (SFR) and R is the re-
turned fraction of the gas from dying stars (we adopt the in-
stantaneous recycling approximation). We assume that the
SFR is described by a constant star formation time-scale τSF
as
ψ = Mgas/τSF. (2)
The evolution of the metallicity, Z , is written as (Wang et al.
2017)
dZ
dt
=
y
τSF
, (3)
where y is the metal yield. We also obtain the stellar mass,
M⋆ as
M⋆ = Mg,0 − Mg . (4)
We adopt Mg = Mg,0 and Z = 0 at t = 0 for the initial con-
dition, and R = 0.16 and y = 0.014 following Wang et al.
(2017). We constrain Mg,0 and τSF using the stellar masses,
SFRs, and ages derived from the observational data de-
scribed in Section 3. After fixing these two quantities, we
obtain Z(t), which is used as an input for the dust evolution
calculated in the next subsection.
2.2 Evolution of grain size distribution
The evolution of grain size distribution has been formulated
in our previous paper (HA19) based on Asano et al. (2013b).
We avoid repeating the description for the formulation, and
only mention the essence and important parameters. We re-
fer the interested reader to HA19 for the full explanation.
We assume grains to be spherical and compact, so that
the mass of a grain is written as m = (4π/3)a3s, where a is the
grain radius and s is the material density of dust. We adopt
s = 3.5 g cm−3 based on silicate in Weingartner & Draine
(2001) for the calculation of grain size distribution. We adopt
the same parameter values as in the one-zone galaxy model
of HA19 unless otherwise stated.
The grain size distribution at time t, n(a, t), is defined
such that n(a, t) da is the number density of dust grains
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whose radius is between a and a + da. The total dust mass
density ρd,tot(t) is calculated by
ρd,tot(t) =
∫ ∞
0
4
3
πa3s n(a, t) da. (5)
Since the gas density is given by the number density of hy-
drogen nuclei, ρgas = µmHnH (µ = 1.4 is the gas mass per
hydrogen, nH, given later, is the number density of hydrogen
nuclei, and mH is the mass of hydrogen atom), the dust-to-
gas ratio, D(t), is estimated as D(t) = ρd,tot(t)/ρgas. Using
this, the total dust mass, Mdust(t) is estimated as
Mdust(t) = D(t)Mg(t). (6)
The time evolution of the grain size distribution is
driven by the following processes: dust condensation in stel-
lar ejecta, dust destruction by SNe, grain disruption by shat-
tering, dust growth by the accretion of gas-phase metals,
and grain growth by coagulation. We assume that shatter-
ing only occurs in the diffuse ISM (occupying half of the
ISM) and that accretion and coagulation take place in the
dense ISM (occupying the other half; we denote the dense
gas fraction as fdense, which is 0.5 here). The other processes
occur in both phases. The gas density and temperature are
(nH, Tgas) = (0.3 cm
−3, 104 K), and (300 cm−3, 25 K) in the
diffuse and dense ISM, respectively. The variations of nH
and T are degenerate with that of fdense; the change of fdense
indeed affects the dust evolution, but it does not influence
our conclusions as long as we adopt a model that explains
the dust mass at the relevant ages. Since fdense is not the
dominant factor for the conclusions drawn in this paper, we
fix it to 0.5.
In this paper, although we include all the above dust
evolution processes, we focus on stellar dust production, SN
dust destruction, and dust growth by accretion. This is be-
cause these three processes have the largest impacts on both
total dust abundance and grain size distribution (HA19).
The parameters regarding the efficiencies of those processes
(described below) are constrained by ALMA data. We fix
the parameters concerning the other processes, shattering
and coagulation to those adopted in HA19.
The increase of dust mass by stellar dust production
is calculated by assuming a constant dust condensation effi-
ciency fin. The increasing rate of the total dust mass density
is thus estimated as
Ûρd,tot = finρgas ÛZ, (7)
where ÛZ ≡ dZ/dt is evaluated in Section 2.1. The increased
dust mass density is distributed to the entire grain ra-
dius range based on a lognormal function with a central
grain radius of 0.1 µm and a standard deviation of 0.47
(see Asano et al. 2013a for the choice of these values). The
detailed functional form of the size distribution of grains
formed by stellar sources does not affect our conclusions as
long as it is dominated by large (& 0.1 µm) grains. The dom-
inance of large grains is supported by theoretical and obser-
vational studies as we mentioned in the Introduction, but
we discuss it further in Section 5.1. There is an uncertainty
in fin as seen in in different dust condensation calculations
(Inoue 2011; Kuo et al. 2013), so that we investigate a range
of fin = 0.01–0.5 with a fiducial value of fin = 0.1.
The SN destruction is regulated by the destruction
Table 1. Fiducial values and ranges of the parameters.
Process Parameter Fiducial value Minimum Maximum
Stellar dust fin 0.1 0.1 1
Sputtering MSN 6.8 × 10
3 M⊙ 68 M⊙ 6.8 × 10
4 M⊙
Accretion τacc 1.61 × 10
8 yr 5.4 × 106 yr 1.61 × 108 yr
time-scale, τdest, evaluated as a function of grain mass by
τdest(m) =
Mg
ǫdest(m)MSNγ
, (8)
where MSN is the gas mass swept by a single SN, γ is the
SN rate, and ǫdest(m) is the dust destruction efficiency as a
function of grain mass m (McKee 1989). Note that we use
the gas mass Mg calculated by equation (1). The destruction
efficiency is a decreasing function of the grain mass (radius)
with ǫdest = 0.1 at a = 0.1 µm. To investigate various SN
destruction efficiencies, we change MSN. A high/low value
of MSN enables us to examine cases with strong/weak (or
efficient/inefficient) SN destruction. We set the fiducial value
as MSN = 6.8 × 10
3 M⊙ (HA19), and investigate a range of
6.8–6.8 × 104 M⊙ .
For dust growth by accretion, we use the grain-radius-
dependent accretion time-scale as
τacc(m) =
1
3
τ0,acc
(
a
0.1 µm
) (
Z
Z⊙
)−1
, (9)
where τ0,acc is a constant parameter. We adopt τ0,acc = 1.6×
108 yr for the fiducial case based on the value for silicate
(Hirashita 2012). This value is sensitive to the gas density
and temperature. In order to examine various dust growth
efficiencies, we change τ0,acc in the range from 5.4 × 10
6 to
1.6 × 108 yr. The most important feature in equation (9) is
that smaller grains have shorter accretion time-scales. This
means that the effect of accretion appears more prominently
at smaller grain sizes.
As mentioned in Section 2.1, there is no dust initially.
The grain size distribution follows the lognormal function
adopted for the stellar dust production in the earliest epoch,
but is subsequently modified by the interstellar processing.
The fiducial values and ranges of the parameters are sum-
marized in Table 1.
2.3 Extinction curves
As an observable signature that could constrain the grain
size distribution, we calculate the extinction curve based on
the obtained grain size distribution. Although it is known
that the same extinction curve could be reproduced by dif-
ferent grain size distributions with different grain materi-
als (Zubko et al. 2004), we still expect that we are able to
discriminate between some extreme grain size distributions
(Hou et al. 2016). Therefore, as a first step, we make an at-
tempt to predict grain size distribution assuming often used
grain properties for nearby galaxies.
The extinction curve (extinction as a function of wave-
MNRAS 000, 1–11 (2019)
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length, Aλ) is calculated by the following equation:
Aλ = (2.5 log10 e)L
∑
i
∫ ∞
0
πa2Qext(a, λ)ni(a) da, (10)
where Qext(a, λ) is the extinction cross-section normalized
to the geometrical cross-section, ni(a) is the grain size distri-
bution of the ith dust component (see below), and L is the
path length. Although our dust evolution model is not capa-
ble of separating the grain species, we assume a mixture of
two components (silicate and carbonaceous dust) in the cal-
culation of extinction curves (Draine & Lee 1984). The ex-
tinction cross-sections are evaluated by using the Mie theory
(Bohren & Huffman 1983) with the same optical constants
for silicate and graphite as in Weingartner & Draine (2001).
We also calculate extinction curves using amorphous car-
bon taken from Zubko et al. (1996) (their ACAR) instead
of graphite as a representative case without the prominent
2175 A˚ bump. Indeed, some studies adopted amorphous car-
bon to explain the bumpless extinction curves observed in
various objects (Nozawa et al. 2015; Hou et al. 2016). We
assume a mixture of silicate and carbonaceous dust in the
calculation of extinction curves with a number ratio of 0.43
: 0.57 (Hirashita & Yan 2009). We assume that both com-
ponents have the same grain size distribution. Because this
fraction is valid for the Milky Way, it is assured that the ex-
tinction curve approaches the Milky Way extinction curve if
the Mathis et al. (1977) (the so-called MRN) grain size dis-
tribution is realized for the silicate–graphite mixture. Since
we are interested in the extinction curve shape, we output
Aλ/AV so that L is canceled out.
3 OBSERVATIONAL DATA
In order to constrain the earliest dust enrichment in the
Universe, we compile the data of ‘normal’1 ALMA-detected
galaxies (LBGs) at z > 7. (See Mancini et al. (2016) for a
statistical approach.) As explained in Section 2.1, the ini-
tial gas mass (Mg,0) and the star formation time-scale (τSF)
are necessary to fix the chemical evolution model. However,
these quantities are not directly observable. Thus, we cal-
culate two observable quantities, the SFR and the stellar
mass, to constrain τSF and Mg,0. We summarize the selected
galaxies in Table 2.
We adopt the stellar mass, age, and SFR derived from
the SED fitting to the rest-frame UV–optical data. For
A2744-YD4, the age is not given in the literature, so that
the cosmic age is used as an upper limit. For MACS0416-
Y1, Tamura et al. (2019) derived a young age of ∼ 3 Myr,
which is too short to produce dust. As they mentioned, it is
likely that the dust is contributed from an older stellar pop-
ulation, whose existence dost not conflict with the observed
SED. Thus, we list the quantities derived for this older com-
ponent by Tamura et al. (2019). The dust mass is estimated
from the ALMA bands. For MACS0416-Y1, we show the
two dust masses corresponding to different dust tempera-
tures (40 and 50 K) following Tamura et al. (2019), and for
B14-65666, we list the the three cases for dust temperatures
1 This indicates that we excluded extremely bright objects such
as quasars in order to trace a normal population of galaxies.
Table 2. High redshift (z > 7) galaxies whose dust emission
is detected by ALMA.
Name z SFR M⋆ Mdust Age Ref.
a
(M⊙ yr
−1) (109 M⊙) (10
7M⊙) (Gyr)
MACS0416-Y1b 8.3 30 3 8.2 ± 1.6 0.3 1
MACS0416-Y1b 8.3 30 3 3.6 ± 0.7 0.3 1
A1689-zD1 7.5 12+4
−2
1.7+0.7
−0.5
4+4
−2
0.081+0.07
−0.03
2
A2744-YD4 8.38 20.4+17.6
−9.5
1.97+1.45
−0.66
0.55+1.96
−0.17
< 0.607c 3
B14-65666d 7.15 10.5 ± 2.1 2.1+1.1
−1.4
5.6 ± 1.1 0.2 4
B14-65666d 7.15 10.5 ± 2.1 2.1+1.1
−1.4
2.2 ± 0.4 0.2 4
B14-65666d 7.15 10.5 ± 2.1 2.1+1.1
−1.4
1.2 ± 0.2 0.2 4
aReferences: 1) Tamura et al. (2019); 2) Watson et al. (2015);
3) Laporte et al. (2017); 4) Hashimoto et al. (2019).
bSame object but different dust temperatures (Tdust = 40 and
50 K for the first and second lines, respectively). We adopt
the age, SFR, and stellar mass of the older stellar population
whose existence is permitted in the SED fitting.
cSince the age is not given in the literature, the cosmic age is
put as an upper limit.
dSame object but different dust temperatures (Tdust = 30, 40,
and 50 K for the first, second, and third rows, respectively).
Table 3. Parameter values adopted for the galaxy model.
Parameters Model A Model B Model C
τSF (yr) 3 × 10
8 108 109
Mg.0 (M⊙) 10
10 3 × 109 3 × 1010
30–50 K following Hashimoto et al. (2019). These multiple
values are useful to present the uncertainty in the dust mass
on the observational side.
4 RESULTS
4.1 Stellar mass and SFR
In the model, the initial gas mass, Mg,0, and the star forma-
tion time-scale, τSF, are the given parameters. In principle,
these data can be fixed using the above observational quan-
tities (Table 2). The initial gas mass Mg,0 should be larger
than the observed stellar mass. Thus, Mg,0 & 10
10 M⊙ . On
the other hand, to realize SFR ∼ 10–100 M⊙ yr
−1, the star
formation time-scale should be shorter than ∼ 109 yr; other-
wise, the SFR would be too low. Those two parameters are
degenerate in the sense that a larger Mg,0 produces the same
SFR at a certain age with a longer τSF. Therefore, we exam-
ine the three cases for (Mg,0, τSF) as summarized in Table 3.
The three choices are referred to as Models A, B, and C.
In Fig. 1, we show the SFR and stellar mass as a func-
tion of age for the three models. From the comparisons with
the observational data points, we conclude that the galaxies
detected by ALMA at z > 7 are broadly fitted with the three
models. Although the values of Mg,0 and τSF are uncertain
and likely to be different from galaxy to galaxy, we expect
that the three models broadly cover typical ALMA-detected
cases at z > 7. Since, as we discuss later in Section 4.4, the
MNRAS 000, 1–11 (2019)
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Figure 1. Evolution of SFR (left) and stellar mass (right) for various values of τSF and Mg,0. The solid, dotted, and dashed lines
show Models A, B, and C, respectively (see Table 3 for the adopted values). The diamond, triangle, and square show MACS0416-Y1,
A1689-zD1, and B14-65666, respectively. The arrow shows an upper limit for the age of A2744-YD4 with the vertical line showing the
range of SFR or stellar mass.
detailed choice of these values do not affect our conclusions,
we adopt Model A unless otherwise stated. We discuss Mod-
els B and C in Section 4.4.
4.2 Dust mass
We calculate the time evolution of the dust mass. As men-
tioned in Section 2.2, we particularly focus on the effects
of dust formation and destruction mechanisms that directly
affect the dust mass: stellar dust production, dust growth by
accretion, and dust destruction by SNe, although shattering
and coagulation are also included in the calculations. For
this purpose, we change fin, τ0,acc, and MSN as described in
Section 2.2. Below we change one of these parameters with
the others fixed to the fiducial values (Table 1).
4.2.1 Effect of stellar dust production
We show the evolution of dust mass for various fin in Fig. 2.
As expected, the dust mass is proportional to fin at t .
3×108 yr. All the cases converge to a single line at t & 1×109
yr, when the total dust mass is governed by accretion (which
is not related to fin). The rapid rise around t & 4 × 10
8 yr
caused by accretion. This increase is more prominent for
smaller fin because more metals are in the gas phase (thus
they are available for dust growth). At t & 5 × 108 yr, the
dust mass decreases because of astration (consumption of
dust and gas by star formation).
We find that fin & 0.5 can explain most of the observa-
tional data. A1689-zD1 may be marginally explained with
fin ∼ 1 considering the error bar. We may also fail to explain
B14-6566 if the dust temperature is as low as 30 K, but the
dust masses derived for 40–50 K can be explained by high
dust condensation efficiencies. Therefore, high dust conden-
sation efficiencies ( fin ∼ 0.5–1) can be regarded as a possible
explanation of dust abundance in ALMA-detected galaxies
at high redshift.
Figure 2. Evolution of the total dust mass for various dust con-
densation efficiencies, fin, in Model A. The solid, dotted, and
dashed lines show the results for fin = 0.1, 0.5, and 1, respec-
tively. The observation data are shown by the same symbols as
in Fig. 1. As noted in Table 2, two points for MACS0416-Y1 and
three points for B14-65666 are shown for the dust masses derived
for different dust temperatures (distinguished by different symbol
sizes).
4.2.2 Effect of dust growth by accretion
We change the efficiency of dust growth by accretion in
Fig. 3. We observe that efficient dust growth by accretion
(τ0,acc . 1.6×10
7 yr; that is, .1/10 times the fiducial value)
explains the observational data. If τ0,acc is shorter, the rapid
increase of dust mass appears at a younger age. The diver-
sity in the dust mass caused by the different τacc appears
between t ∼ 108 yr and ∼ 109 yr. All the cases with the dif-
ferent τ0,acc converge to the same dust mass at t & 2 × 10
9
yr, since accretion is saturated. At t & 4 × 108 yr, the dust
mass decreases by astration.
MNRAS 000, 1–11 (2019)
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Figure 3. Same as Fig. 2 but for various τ0,acc. The solid, dotted,
dashed, and dot–dashed lines show the cases with τ0,acc = 1.6×10
8 ,
5.4 × 107, 1.6 × 107 and 5.4 × 106 yr, respectively.
Figure 4. Same as Fig. 2 but for various dust destruction efficien-
cies regulated by MSN. The solid, dotted, dashed, and dot–dashed
lines show the result for MSN = 6.8 × 10
4, 6.8 × 103, 6.8 × 102, and
68 M⊙, respectively.
4.2.3 Effect of SN destruction
The dust destruction efficiency is controlled by the gas mass
swept by a SN (MSN) in our model. We show the evolution
of dust mass for various values of MSN in Fig. 4. We observe
that the change of SN destruction efficiency affects the dust
mass at the relevant ages for the sample. We also find that,
even if we weaken the SN destruction, we fail to explain
the data points with high dust masses. Therefore, either a
high condensation efficiency in stellar ejecta or a short dust
growth time-scale is necessary to explain the dust masses of
the sample galaxies. On the other hand, it is also true that
efficient destruction suppresses the dust mass significantly;
thus, we also conclude that dust destruction efficiency should
be similar to or weaker than that expected from the fiducial
case.
Figure 5. Grain size distributions at t = 3×108 yr for fin = 0.5 and
1 (blue solid and dotted lines, respectively), and τ0,acc = 5.4 × 10
8
and 1.61 × 107 yr (red dashed and dot–dashed lines, respectively)
in Model A. The other parameters are fixed to the fiducial values
(Table 1). The vertical axis shows the grain size distribution per
hydrogen multiplied by a4: the resulting quantity is proportional
to the grain mass distribution per log a.
4.3 Grain size distribution
In the above, we have shown that there are two ‘solutions’ to
explain the dust masses in the sample galaxies: a high dust
condensation efficiency in stellar ejecta, and a short accre-
tion time-scale. The key parameters are fin and τ0,acc. These
two solutions are indistinguishable only with the dust mass.
Our model is capable of predicting the grain size distribu-
tion; therefore, we here show the grain size distributions to
examine how they are affected by the above two key parame-
ters. Since the sample galaxies have roughly ages of ∼ 3×108
yr, we show the grain size distributions at t = 3×108 yr. The
conclusions below are not altered by the precise value of t as
long as it is chosen within the range of the observationally
derived ages.
In Fig. 5, we show the grain size distributions for the
two solutions. For the dust condensation efficiency, fin & 0.5
is consistent with the observed dust masses (Fig. 2). Thus,
we adopt fin = 0.5 and 1. For dust growth, τ0,acc . 5.4×10
7 yr
is consistent with the data points (Fig. 3), so that we adopt
τ0,acc = 5.4×10
7 and 1.6×107 yr. We change either fin or τ0,acc
and fix the other parameters to the fiducial values (Table 1).
We show the grain size distribution multipled by a4, which
is proportional to the grain mass distribution per log a. If
the value of a4n(a) is the highest at a certain grain radius,
the dust mass is dominated by grains around that radius.
The difference in the grain size distribution is obvious
between the two solutions (high fin and short τ0,acc). For high
fin, the dust abundance is dominated by large grains, while
for short τ0,acc, a drastic increase of small grains is observed.
We explain each of these two cases in what follows.
4.3.1 Efficient dust condensation in stellar ejecta
In Fig. 5, we observe that the cases with high fin (= 0.5 and
1) show grain size distributions dominated by large grains.
In this case, since the grains are predominantly produced
MNRAS 000, 1–11 (2019)
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by stars, the grain size distribution traces the lognormal
grain size distribution of dust grains condensed in the stellar
ejecta. The lower peak at a small radius is due to shattering
and accretion, but this peak is much lower than that at
a ∼ 0.1 µm.
4.3.2 Effecticient dust growth by accretion
As mentioned above, grain growth by accretion drastically
increases the abundance of small grains, because they have
large surface-to-volume ratio (Hirashita 2012; Asano et al.
2013a). Thus, if there are some small grains (produced by
shattering in our case), those small grains easily accrete the
gas-phase metals. As shown in Fig. 5, the grain size distri-
butions with efficient accretion (or short τ0,acc) is dominated
by small (a . 0.01 µm) grains. The resulting grain size dis-
tributions are completely different from the large- fin cases
shown in Section 4.3.1. Since the galaxy age is still young,
coagulation does not affect the grain size distribution. Coag-
ulation would convert small grains produced by shattering
and accretion to large grains, making the grain size distri-
bution similar to the so-called MRN (Mathis et al. 1977)
distribution (HA19). The prominent peak at a . 0.01 µm,
thus, remains to be prominent before coagulation takes place
efficiently.
4.4 Robustness against the galaxy model
We have focused on Model A for the galaxy model. Here we
adopt Models B and C (Table 3) to examine if the above
results for Model A robustly hold or not. In Fig. 6, we show
the evolution of dust mass and the grain size distribution at
t = 3 × 108 yr for all the galaxy models. We adopt fin = 0.5
and fix the other parameters to the fiducial values. We ob-
serve that Model B cannot explain the observed dust masses
because of its short τSF(= 10
8 yr). With such a short τSF,
the effect of astration appears early, so that the dust mass
starts to decrease even at t ∼ 108 yr. Therefore, the star for-
mation time-scale should be longer than 108 yr. The grain
size distributions are similar between Models A and C in
the sense that the dust is still dominated by large grains. In
Model B, the peak of the small grains becomes the highest
since the dust enrichment proceeds the most quickly; how-
ever, this model does not explain the dust mass as shown
above. Therefore, we conclude that the dominance of large
grains robustly holds as long as we adopt a model that ex-
plains the SFR, stellar mass, and dust mass at the same
time.
In Fig. 7, we show the results for efficient accretion with
τ0,acc = 1.6 × 10
7 yr for the three galaxy models. All of the
three models explain most of the data points well, although
Model B shows a little underproduction for the dustiest ob-
jects. The lowest dust mass in Model B is due to the most ef-
ficient astration. The grain size distributions of all the Mod-
els show a similar small-grain-dominated feature. Therefore,
the conclusion that efficient accretion leads to strong en-
hancement of the grain abundance at a . 0.01 µm is robust
against the change of galaxy evolution model, as long as the
model reproduces the SFR, stellar mass, and dust mass at
the same time.
The difference among the galaxy models is too small
Figure 6. Evolution of dust mass (upper) and grain size distri-
bution (lower) for the three galaxy models (Table 3). We adopt
fin = 0.5 and the fiducial values for the other parameters (Table
1). The solid, dotted, and dashed lines show the results for Mod-
els A, B, and C, respectively. The same observation data as in
Fig. 2 are adopted in the upper panel.
to change the extinction curves calculated below. Thus, we
hereafter focus on Model A.
4.5 Predicted extinction curves
We calculate extinction curves based on the calculation
methods describe in Section 2.3. In Fig. 8, we show the
extinction curves at t = 3 × 108 yr for the above two so-
lutions; that is, we chose the same cases as shown in Fig.
5: either large fin (= 0.5 and 1) or short τ0,acc (= 5.4 × 10
8
and 1.61 × 107 yr). Recall that we assume silicate–graphite
and silicate–amorphous carbon mixtures. We also show the
observed extinction curves in the Milky Way and the Small
Magellanic Cloud (SMC) (Pei 1992) just for references.
In Fig. 8, we observe that the extinction curves for
large fin are flat because the dust is dominated by large
grains. Efficient accretion (τ0,acc = 5.4×10
8 and 1.61×107 yr)
produces steep extinction curves because the abundance of
small grains is high. The extinction curves in this case show
an extremely prominent 2175 A˚ bump if we adopt graphite
for the carbonaceous component, while the extinction curve
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Figure 7. Same as Fig. 6 but for τ0,acc = 1.6 × 10
7 yr with the
fiducial values for the other parameters (Table 1).
is much more smooth if we adopt amorphous carbon. In the
latter case (with amorphous carbon), although there is a
small feature around wavelength λ ∼ 0.25 µm, the extinc-
tion curves have similar slopes to the SMC extinction curve.
In summary, the extinction curves between the two solutions
(efficient stellar dust production and efficient accretion) pre-
dict drastically different extinction curves, which indicates
that the two cases could be distinguished if we measure the
extinction curves for high-redshift LGBs. We further discuss
this point in the next section.
5 DISCUSSION
5.1 Robustness of the grain sizes distributions
We adopted a grain size distribution dominated by large
(a ∼ 0.1 µm) grains for stellar sources based on dust con-
densation calculations for SN ejecta and AGB star winds
(Introduction). In particular, in the redshift range of in-
terest (z & 7), the dust is predominantly injected by SNe
rather than by AGB stars (Valiante et al. 2009). Thus, the
size distribution of grains ejected from SNe is of particular
importance if the dust produced by stellar source dominates
the total dust abundance.
Figure 8. Extinction curves calculated based on the grain size
distributions shown in Fig. 5. The blue solid and dotted lines
show the cases with fin = 0.5 and 1, respectively, and the red
dashed and dot–dashed lines present τ0,acc = 5.4 × 10
8 and 1.61 ×
107 yr, respectively (the parameters other than the varied one
are fixed to the fiducial values; Table 1). The upper and lower
panels correspond to the silicate–graphite and silicate–amorphous
carbon mixtures, respectively. The crosses and diamonds are the
observed extinction curves in the Milky Way and the SMC (Pei
1992), respectively, shown as references.
As shown by Nozawa et al. (2007), dust grains are de-
stroyed in the shocked region (by the so-called reverse shock
destruction) before being injected into the ISM. This de-
struction mechanism works more efficiently for small grains
for the following two reasons: (i) small grains have large
surface-to-volume ratio so that the effect of sputtering is
more significant for small grains; and (ii) small grains are
more easily trapped in the shocked region so that they suffer
sputtering more. Indeed, as shown by Nozawa et al. (2011),
if SN ejecta produce only small grains, the dust grains are
destroyed before being injected into the ISM. Therefore, if
the dust production is governed by stellar sources at z & 7,
the dust abundance should be dominated by large grains.
Bianchi & Schneider (2007) also calculated reverse
shock destruction based on Todini & Ferrara (2001)’s dust
condensation models. However, they did not include the
above trapping effect [mentioned in item (ii)]; thus, small
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grains still survive. Even in Bianchi & Schneider (2007)’s
models, the extinction curves are flatter than the SMC curve
because the contribution from relatively large carbon grains
(a ∼ 0.03 µm) flattens the extinction curve at wavelengths
< 2πa ∼ 0.2 µm according to the Mie theory. Therefore,
our results of relatively flat extinction curves for stellar
dust marginally holds even if we adopt Bianchi & Schneider
(2007)’s models.
If stellar sources do not supply small grains, the only
way to create them is interstellar processing. As shown
above, dust growth by accretion not only increases the total
dust abundance but also make small grains dominant. This
is a consequence of smaller grains having larger surface-to-
volume ratios (Hirashita 2012) (see also equation 9). Co-
agulation could make these small grains large. In nearby
galaxies, the major source of dust is considered to be ac-
cretion (e.g. Draine 2009), and coagulation successfully cre-
ates large (a ∼ 0.1 µm) grains (HA19). However, coagulation
only occurs after t = 1 Gyr (HA19), which indicates that it
is difficult for coagulation to take place significantly within
the cosmic age at z & 7. Even if coagulation occurs, the
grain size distribution only approaches the MRN distribu-
tion (HA19), which still predicts an extinction curve much
steeper than the flat curves realized in the case of the domi-
nant stellar dust production (i.e. large fin). Thus, we expect
that the increase of small grains and the resulting steep ex-
tinction curves robustly appear as long as accretion is the
major mechanism of dust mass increase.
We also note that Wang et al. (2015a,b) suggested the
existence of a distinct micron-sized grain population based
on the flat mid-infrared extinction curves in the Milky Way.
Such a separate grain component is difficult to form by co-
agulation, which predicts a continuous grain size distribu-
tion extending continuously to smaller grains. Also, it is
not clear why this component survives against shattering.
Whether or not such micron-sized grains contribute to the
extinction curves in high-redshift galaxies depends on their
origin. Thus, it is important to investigate the formation of
micron-sized grains in the context of galaxy evolution.
5.2 Comparison with previous modeling for the
dust mass
There have been some models of dust mass evolution
in ALMA-detected galaxies at high redshift (z & 7).
Mancini et al. (2015) showed that, in order to explain the
dust mass in A1689-zD1 at z = 7.5, dust growth by accretion
should be ∼ 10 times more efficient than in nearby galaxies
(see also Wang et al. 2017). We have confirmed the results
of these papers. Popping et al. (2017) also reached practi-
cally the same conclusions with a thorough modeling from
high to low redshifts. A possible explanation for the efficient
accretion is a high gas density (nH & 10
4 cm−3; Kuo et al.
2013).
Wang et al. (2017) further discussed a possibility of
high condensation efficiency in stellar ejecta, which equally
explains the dust mass in A1689-zD1. We have also con-
firmed this in this paper. This possibility of high dust forma-
tion efficiency in stellar ejecta is worth considering given that
the ISM may not have a favourable condition for dust growth
by accretion (Ferrara et al. 2016). However, as discussed in
Zhukovska et al. (2016), more detailed physical processes
such as charge focusing in the accreting process of the gas-
phase metals are necessary to investigate. Experiments may
give us a clue to accretion processes (Rouille´ et al. 2014).
Before we clarify if dust growth by accretion is a viable
mechanism of reproducing the dusty objects at high redshift
or not, it may be fair to treat both efficient accretion and
high condensation efficiency as equally possible mechanisms
to explain the dust content in ALMA-detected high-redshift
galaxies. The grain size distributions predicted in this paper
provide a new clue to the dominant dust sources.
5.3 Grain size distribution and possible clues
In Section 4.3, we have proposed that the two possibilities of
explaining the dust content of ALMA-detected z > 7 galax-
ies [(i) high dust condensation efficiency in stellar ejecta and
(ii) efficient accretion] can be distinguished by the grain size
distribution. The possibilities (i) and (ii) provide grain size
distributions dominated by large and small grains, respec-
tively. In Section 4.5, we have shown that the above two
scenarios predict very different extinction curves. Therefore,
we expect that extinction curves, if they are observed, would
give us a clue to which of those two scenarios is preferred.
Since the steepness of the extinction curve is completely
different between those two cases (i) and (ii) above, the con-
clusion that we can discriminate them is robust, in spite of
the fact that extinction curves also depend on grain ma-
terials (Zubko et al. 2004). As long as stars (mainly SNe)
produce grains as large as a ∼ 0.1 µm, the extinction curve
is flat at wavelengths λ . 2πa ∼ 0.6 µm according to the
Mie theory. Moreover, the small grains formed by accretion
typically have sizes a . 0.01 µm, which indicates that the
extinction curve has a wavelength-dependent behaviour at
UV wavelengths (λ & 0.1 µm) if dust growth by accretion is
dominant.
Deriving extinction curves from observations is not easy,
though. If we use the emission from an entire galaxy, we
are only able to derive the attenuation curve, which in-
cludes radiation transfer effects caused by the detailed spa-
tial distributions of dust and stars (Calzetti et al. 1994;
Witt & Gordon 1996; Inoue 2005; Narayanan et al. 2018).
Different dust optical depths for different ages of stel-
lar populations also cause a diversity in the attenuation
curves with the same extinction curve (Charlot & Fall 2000;
Mancini et al. 2016; Narayanan et al. 2018). Point sources
such as quasars and gamma-ray burst (GRB) afterglows
could be used to derive extinction curves minimally affected
by the effects of geometry and complicated radiation trans-
fer. Although these point sources are effectively used to de-
rive extinction curves up to z ∼ 5 (e.g. Maiolino et al. 2004;
Zafar et al. 2011; Liang & Li 2009, 2010), quasars are rare
at z > 7 and GRBs do not necessarily occur in desired galax-
ies. However, future development of observational facilities
may expand the quasar and GRB samples to z > 7.
It would be useful to observe the rest-frame mid-
infrared (far infrared in the observer’s frame) dust emission
features that give us a clue to the dust compositions. If we
obtain a constraint on grain materials, we have an under-
standing of which materials could contribute to the extinc-
tion curve. However, there is no near future sensitive far-
infrared telescope capable of detecting dust emission from
normal galaxies at z > 7. In this respect, observing dust
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emission features would be more difficult than deriving ex-
tinction curves.
We expect that, at least, attenuation curves could be ob-
tained by the James Web Space Telescope (JWST).2 With
some radiation transfer calculations under reasonable distri-
bution geometries of stars and dust derived from JWST and
ALMA, we may be able to constrain the extinction curve.
Whether or not this idea is feasible will be examined by
further modeling and tests in the future work.
6 CONCLUSION
We calculate the evolution of grain size distribution by mod-
elling galaxies at z > 7 whose dust emission has been de-
tected by ALMA (referred to as the ALMA-detected galax-
ies). We use a one-zone model that calculates the chemical
enrichment as a result of star formation, for which the star
formation time-scale and the total baryonic mass are chosen
to be consistent with the observed SFR and stellar mass. The
evolution of grain size distribution is calculated in a consis-
tent manner with the metal enrichment. Among the various
processes included in the model of dust evolution, we focus
on the following three processes that directly affect the dust
abundance: dust condensation in stellar ejecta, dust growth
by the accretion of gas-phase metals in the ISM, and SN
destruction (note that we also include shattering and coag-
ulation). The dust destruction efficiency by a SN is required
to be comparable to or lower than the fiducial value, which
was used for nearby galaxies. To investigate the two dust
production mechanisms (dust formation in stellar ejecta and
dust growth by accretion), we vary the dust condensation ef-
ficiency in stellar ejecta ( fin) and the accretion time-scale at
solar metallicity (τ0,acc; note that the accretion time-scale is
inversely proportional to the metallicity). As a consequence,
we find that high fin (& 0.5) or short τ0,acc (. 1.6 × 10
7 yr)
explains the dust masses in the ALMA-detected galaxies.
However, it is difficult to discriminate these two ‘solutions’
(i.e. high fin and short τ0,acc) only by the total dust mass.
We further predict the grain size distributions corre-
sponding to the above two solutions. As a consequence, we
find that the grain size distributions are significantly differ-
ent between these two: the grain size distributions with large
fin and short τ0,acc are dominated by large (a ∼ 0.1 µm) and
small (a . 0.01 µm) grains, respectively. This statement ro-
bustly holds as long as the model reproduces the observed
dust mass, stellar mass, and SFR at the same time. We fur-
ther calculate extinction curves based on the computed grain
size distributions. We find that the above two solutions give
significantly different extinction curve shapes: large fin gives
extinction curves much flatter than the Milky Way extinc-
tion curve, while short τ0,acc produces a very steep extinc-
tion curve with a slope similar to the one seen in the SMC
extinction curve. Because the extinction curves are very dif-
ferent, we expect that we are able to discriminate the major
dust sources (stellar dust production or accretion) in ALMA-
detected galaxies at z > 7 once we succeed in obtaining their
extinction curves by future observations.
2 https://www.jwst.nasa.gov/
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